Introduction genomes (MAGs) 43 (Table S6) . We additionally reanalyzed the 12 MAGs that we 187 previously reported from this study site 38 . Together, the resultant genomes span 13 188 phyla and 43 orders, including the most dominant taxa in the 16S profiles (Fig. 1) . We 189 profiled the abundance of 44 marker genes in the short reads and derived genomes 190 to gain an insight into the metabolic capabilities of the generalist and specialist 191 community members (Fig. 2) . This confirmed microbial communities within sands 192 adopt an extraordinary array of strategies for energy conservation. 193 194 Most community members are predicted to be aerobic heterotrophs capable of using 195 organic and inorganic energy sources. Based on short reads, most bacteria encoded 196 enzymes for sulfide and thiosulfate oxidation, i.e. sulfide-quinone oxidoreductase (Sqr, 197 53%), flavocytochrome c sulfide dehydrogenase (FCC, 12%), reverse dissimilatory 198 sulfite reductase (r-DsrA, 9%), and thiosulfohydrolase (SoxB, 16%) ( Fig. 2; Table S5 ). 199 Concordantly, a similar proportion of the MAGs encoded these enzymes (Fig. 2 ; Table   200 S6) and phylogenetic trees confirmed all binned sequences affiliated with canonical 201 clades ( Fig. 3; Fig. S6 to S9) . Most Sqr sequences, including from Woeseiales, 202 Flavobacteriales, Rhodobacterales, and Microtrichales, affiliated with the type III clade 203 ( Fig. 3a) known to support sulfide-dependent growth 44, 45 . Also widespread were the 204 genes for consumption of carbon monoxide (CoxL, 19%;  Fig. S10 ) and hydrogen gas 205 (group 1 and 2 [NiFe]-hydrogenases, 48%; Fig. S11 ). Most bacteria also appear to 206 have a large capacity to withstand variations in electron acceptor availability. In 207 addition to encoding terminal oxidases for aerobic respiration (Fig. 2) , many are 208 predicted to mediate stepwise denitrification through nitrate (NarG and NapA, 49%; were also capable of reducing other compounds (Table S5) , such as ferric iron (MtrB, 216 20%; Fig. S20 ) and organohalides (RdhA, 21%; Fig. S21 ). By contrast, few are 217 predicted to mediate the specialist traits of ammonia, iron, nitrite, or methane 218 oxidation, methanogenesis, acetogenesis, and, in the mixing zone, sulfate reduction 219 ( Fig. 2; Table S5 ). 220 221 Further analysis of the reconstructed genomes revealed that the most prevalent 222 members are highly metabolically flexible (Table S6 & Fig. 2) . The Woeseiaceae bins, 223 representing one of the most abundant and prevalent families in the sediments, 224 encode enzymes for aerobic heterotrophy, aerobic sulfide oxidation, hydrogenotrophic 225 sulfur reduction, denitrification, fumarate reduction (Fig. S22) Microtrichales, Rhodothermales, and GCA-1735895 ( Fig. 1f) , are also predicted to be 232 able to use multiple energy sources and electron acceptors in these sediments ( Fig.   233 2). Altogether, this suggests most community members can accommodate 234 environmental fluctuations in electron acceptor availability by switching between 235 different respiratory and fermentative processes. Moreover, they can take advantage 236 of a wide range of organic and inorganic energy sources that are likely to be abundant 237 in these sediments. While most of the bacteria in the sediments were predicted to be 238 flexible, we detected no alternative metabolic pathways across multiple near-complete 239 MAGs from the Sphingomadales and Verrucomicrobiales (Table S6) ; these bacteria 240 may be aerobic organotrophic specialists, in line with their higher relative abundance 241 in surface sands (Fig. 1f ).
243
The metagenomes also provide insights into the metabolic capabilities of community 244 members with more restricted distributions (i.e. relative habitat specialists). Whereas 245 the relative abundance of many generalist-associated genes (e.g. sulfide oxidation) 246 did not change with depth, there was a significant fivefold increase in the relative 247 abundance (p < 0.0001) of the marker genes for dissimilatory sulfate reduction (DsrA) 248 ( Fig. 3c; Fig. S8 ) and the Wood-Ljungdahl pathway (AcsB) in the metagenomes of 249 deep sands compared to shallow and intermediate sands (Fig. S20 ). This strongly 250 correlates with the increased abundance of sulfate-reducing bacteria from the orders 251 Desulfobulbales and Desulfobacterales at these depths (Fig. 1f ) that encode these 252 genes (Fig. 2) . These bacteria are likely able to thrive in this niche by coupling the Figure 3 , the genes for the inferred specialist process of sulfate reduction were far 257 less abundant and widespread than those for sulfide oxidation. These sulfate-reducing 258 orders nevertheless possess some respiratory flexibility, including the ability to use 259 nitrate ( Fig. S13 ) and organohalides ( Fig. S21 ), suggesting they can accommodate 260 some changes in resource availability. However, in contrast to the facultative 261 anaerobes that they coexist with, these obligate anaerobes are expected to be 262 inhibited by oxygen given their terminal oxidases (Fig. 2 The above findings suggest that several alternative metabolic pathways, such as 273 sulfide oxidation and hydrogenogenic fermentation, allow habitat generalists to adapt 274 to changes in resource availability. The relative abundance of community members 275 that mediate these processes, as well as the metabolic genes that they encode, is 276 similar across depth ( Fig. 1f & 2) . Thus, it can be expected that these processes occur 277 in both shallow and deep sediments. To test this, we first measured rates of sulfide 278 oxidation in sediments spiked with sodium sulfide under oxic conditions. Sulfide was 279 rapidly consumed in a first-order kinetic process to below detection limits in both 280 shallow and deep sediments (Fig. 4c ). We also measured hydrogenogenic 281 fermentation in sands under anoxic conditions; glucose addition stimulated rapid 282 accumulation of molecular hydrogen to micromolar levels in both surface and deep 283 sands (Fig. 4a ).
285
In contrast, the community and metagenome data indicate that sulfate reducers are 286 habitat specialists that preferentially reside in the deeper sediments. To verify this, we 287 measured rates of hydrogenotrophic sulfate reduction in anoxic H2-supplemented 288 surface and deep sediments. As anticipated given the abundance of hydrogenotrophic 289 sulfate reducers ( Fig. 1f ) and dsrA genes (Fig. 2) , the microbial communities in deep 290 sediments consumed most H2 within 48 hours (Fig. 4a) , concomitant with 291 accumulation of 10 µM sulfide (Fig. 4b) . In contrast, in line with our recent previous 292 observations 38,40 , fermentation and respiration became uncoupled in surface 293 sediments following the onset of anoxia; rates of fermentation initially exceeded 294 respiration, resulting in net H2 accumulation and no detectable sulfide production 295 within 48 hours. Hydrogenotrophic sulfate reduction only became dominant after 296 prolonged incubations under anoxia ( Fig. 4a & 4b) , likely due to growth of sulfate-297 reducing bacteria under these stable conditions. Most orders predicted to be metabolically flexible were able to tolerate being incubated 313 under all three conditions. These inferred generalists were dominant in all samples, and GCA_1735895 between time of sampling and following two weeks of incubations. 318 We also monitored the patterns of lineages predicted to be aerobic specialists 319 (Verrucomicrobiales, Sphingomondales) and anaerobic specialists 320 (Desulfobacterales, Desulfobulbales, Bacteroidales) based on the reconstructed 321 genomes (Fig. 2) . Consistent with expectations, the relative abundance of both groups 322 declined by 40% in the disturbed slurries compared to the original samples. The 323 inferred aerobic specialists, while always relatively minor community members, were 324 most abundant in oxic incubations (4.7%) and least in anoxic sediments (2.1%).
325
Inferred anoxic specialists showed the reciprocal pattern. They bloomed to one third 326 of the community in the anoxic incubations (30%), but declined during oxygen 327 exposure (8%) (Fig. 5) . It is likely that, under stable anoxic conditions, these anaerobic 328 specialists rapidly mobilize available resources through their sulfate reduction and 329 fermentation pathways.
331
Remarkably, some taxa thrived in response to disturbance. Flavobacteriales sampled 332 from deep sediments increased in relative abundance by 2.5-fold in the disturbed 333 incubations (Fig. 5) , largely driven by expansions of genus Eudoraea (Table S7) . 334 Based on the metabolic capabilities of the three MAGs from this genus (Table S6) Table S5 ). These taxa likely benefit from the harbouring genes for hydrogenogenic fermentation (Fig. S18 ), suggesting members 349 of this order either cannot survive in these conditions or are outcompeted by more 350 efficient anaerobes; these observations are nevertheless consistent with the 351 significant decrease in the relative abundance of this order with depth ( Fig. 1f) . These findings also have important implications for how we conceive and model 416 biogeochemical processes. Models describing these processes can either take an 417 organism-centric approach or a systems perspective 47 . In the first case, the presence 418 or absence of a particular organism will determine the process taking place and 419 emphasis is placed on modelling the growth of that organism. In the second case, 420 thermodynamics and physical conditions determine the processes taking place.
421
Biogeochemists typically use the second approach to successfully predict and model the slurries were purged with high-purity helium and the headspace was amended with 630 100 ppmv H2. Glucose was added to a final concentration of 1 mM for the glucose 631 addition group. All vials were incubated on a shaker (100 rpm) at room temperature.
632
For H2 measurements, a 2 mL subsample was collected from headspace every 24 h 633 and analysed by gas chromatography. For sulfide measurements, a total of 8 mL of 634 seawater was extracted from each slurry and filtered for spectrophotometric analysis. 
